,-Unsaturated carbonyl compounds are important not only from a theoretical but also a practical standpoint. These ubiquitous compounds can interact with DNA through various mechanisms. The predominant interaction is the formation of cyclic 1,N2-deoxyguanosine adducts; 7,8-cyclic guanine adducts are also found. We have synthesized and characterized the stereoisomers of adducts formed by about 20 a,ID-unsaturated carbonyl compounds. The different types of adducts and the mutagenic and genotoxic response can be explained by the molecular structures of the agents. Compounds forming saturated cyclic adducts are mutagenic in S. typhimurium strain TA100 and to a lesser extent in TA1535. Substances with a leaving group at the C-3 position form unsaturated conjugated cyclic adducts and are mutagenic only in the His D3052 frameshift strains with an intact excision repair system (no urvA mutation). Metabolic epoxidation of the double bond and other metabolic activation, e.g., activation of the nitrogroups via nitroreductases, were also found to contribute to genotoxic and mutagenic activities. Our results have further elucidated the genotoxic mechanisms of these compounds; however, additional investigations are required for a complete understanding of the genotoxic activity of this class of compounds.
Introduction a,,1-Unsaturated carbonyl compounds are frequently occurring industrial chemicals and environmental pollutants. The worldwide industrial production of acrolein, for example, is estimated to be more than 500,000 tons yearly (1) . Some members of this group, such as ethylvinyl ketone, are found in fruits and vegetables and in other foodstuffs (2) . Others such as acrolein are formed during biological processes, for instance, in the formation of humic acid. Furthermore, acrolein and its congeners are combustion products found in considerable amounts in automobile exhausts, tobacco smoke, and flue gases (3) . Some of them are produced during the preparation of foods. a,,B-Unsaturated carbonyl compounds are also used as pesticides or formed as degradation products of pesticides (4, 5) . Since our group first published structure mutagenicity relationships for these compounds (6) (7) (8) , many other studies have confirmed that these compounds are mutagenic (9) (10) (11) . Cro- tonaldehyde has been found to induce liver cancer in rats (12) , and it should be considered as a potential human carcinogen.
The formation of cyclic 1,N2-deoxyguanosine adducts has been reported (13) (14) (15) and could at least in part be responsible for the mutagenic activity and genotoxic effects as expressed in the induction of the sfiA function in the SOS Chromotest. To date all data published are consistent with the assumption that this widespread class of compounds represents a potential risk to human health. The diverse testing protocols do not, however, allow uniform interpretation of the underlying mechanisms.
In spite of a common structural feature, a,,B-unsaturated carbonyl compounds can 
Mutagenicity and Genotoxicity Testing
The preincubation Salmonella test according to Maron and Ames (16) was used as described previously (17) . In a few cases a modification of the liquid assay according to Rannung et al. (18) , as described elsewhere (19) , was also carried out.
The SOS Chromotest using E. coli strain PQ37 was performed according to Quillardet and Hofnung (20) as previously described (21) . The method used for the SOS Chromotest with E. coli strain PM21 was described recently (22 l l (B) "3C-NMR spectrum, 100 MHz, of the guanine adduct of 3-chloro-2-methylacrolein in DMSOd6 and TMS as internal standard. We have synthesized and characterized se of this type. The spectroscopic data of the: of 3-chloro-2-methylacrolein are presentec ample (Figs. 3 and 4) . In contrast to the sa ducts, these conjugated unsaturated adducl strong fluorescence. Therefore, these adduc easily detected in biological material via HI fluorescence detector. We could isolate and respective adduct of 3-chlorocrotonaldehyd terial DNA after incubating a bacterial susp this substance.
These type II compounds are mutagenic D3052 frameshift Salmonella strain containi excision repair system, but they are nege frameshift strains TA1538 and TA98 and al in the His G46 strains TA1535 and TA100. substituted compounds, e.g., 3-chloro-2-n lein, show only borderline activity in strain (Table 3) . Nearly all the compounds tested, even those possessing poor leaving groups (alkoxy groups), induce the sfiA function in the SOS Chromotest (Table 3) .
Other Compounds
Evidence has been found that a,,B-unsaturated ketones such as methylvinyl ketone or ethylvinyl ketone are activated to epoxides (2, 24) . Although the specific mutagenicity (revertants per ,umole) are not higher, the peak revertant rate is clearly higher in the presence of S9 mix than in its absence. Addition of SKF 525, an inhibitor of monooxygenases, led to a loss in mutagenicity, whereas addition of TCPO (trichloropropene oxide), an inhibitor of the epoxide hydrolases, resulted in an increase in mutagenicity.
2-Chloro-and 2-bromocinnamaldehydes do not form cyclic adducts although they are highly mutagenic in the strains TA100, TA98, and TA1538, but not in TA1535, and these compounds are also positive in the SOS Chromotest. The relatively high mutagenicity and genotoxicity of 2-bromocinnamaldehyde, which is about 20 times higher than that of acrolein, is remarkable. Cinnamaldehyde and its derivatives, which are substituted at the phenyl ring, e.g., p-chlorocinnamaldehyde or o-methoxycinnamaldehyde, do not show any mutagenic or genotoxic activities.
Cinnamaldehydes containing nitro groups are evidently metabolically activated via the nitro groups (Table 4 ). p-Nitrocinnamaldehyde and p-nitrocinnamic acid are highly mutagenic in TA100 strains containing nitroreductase but not mutagenic or only poorly mutagenic in such TA100 strains that lack nitroreductase activity, e.g., TA100 TN5 DNP6 or NR TA100. The fact that the acid as well as the aldehyde are mutagenic strongly suggests that the formation of cyclic adducts is not responsible for this mutagenicity. ts possess a decisively determines the mutagenic response. It is rets shouldsbe markable that these rather small differences in the 'LC using a structure (Fig. 5 ) of the molecule produce marked difi detect the ferences in mutagenicity. le from bacCompounds of type I are mutagenic in His G46 S. ension with typhimurium strains. A lack of excision repair (uvr mutation) and the presence of the pkMlOl plasmid (error 2 in the His prone repair) increases markedly the sensitivity of the ng an intact His G48 strains toward the type I compounds. In conative in the trast, the type II compounds, showing frameshift ac-[so negative tivity in His D3052 strains, require an intact excision The 2-alkyl repair system for the induction of back mutation. Basu nethylacro-and Marnett (9) have explained this effect by the high i His D3052 toxicity of these type of compounds toward the bacteria, When investigating 2-chloro-and 2-bromocinnamaldehyde, cyclic adducts were not formed although these compounds are highly mutagenic in S. typhimurium TA100, TA98, and TA1538, but not in TA1535. Due to the conjugation of the aromatic system of the phenyl group with the a, a-unsaturated rT electron system, a frameshift interaction of these compounds is conceivable, although their structures are different from the classical intercalators such as acridine dyes. An intercalating effect has been proposed for the p-methoxyphenyl moiety of puromycin intercalating between two adenines (25) .
Nitrocinnamaldehydes and nitrocinnamic acids can evidently be activated via their nitro groups. We found an interesting structure mutagenicity relationship: p--nitrocinnamaldehyde and p-nitrocinnamic acid showed high mutagenic activities in strain TA100 (possessing nitroreductases) without addition of metabolizing enzymes (S9 mix). When using TA100 strains lacking nitroreductase activity, the compounds exerted mutagenic activities only in the presence of S9 mix. oNitrocinnamaldehyde was only slightly mutagenic in strain TA100 in the absence of S9 but clearly mutagenic in the presence of S9 mix, whereas o-nitrocinnamic acid was nonmutagenic irrespective of the presence or absence of S9 mix.
A question which to date has not been addressed is the role of radical formation (radicals are possibly formed in the reductive metabolism of halosubstituted acrolein congeners via the monooxygenases) and the production of reactive oxygen species, which may also contribute to the genotoxicity of these compounds.
Although our investigations and those of others have elucidated the relationship between structure, interaction mechanism, and genotoxic activities, many aspects of the genotoxicity of the a,,1-unsaturated carbonyl compounds are still not entirely understood and deserve further investigation.
